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Abstract 
In the field of computer vision and more specifically multi-camera 

systems color correction is an important topic of discussion. The need for 

color-tone similarity among multiple images that are used to construct a 

single scene is self-evident. The strength and weaknesses of color-

correction methods can be assessed by using metrics to measure 

structural and color-tone similarity and timing the methods. Color 

transfer has a better structural similarity than histogram-based 

prefiltering and a worse color-tone similarity. The color transfer method 

is faster than the histogram-based prefiltering. Color transfer is a better 

method if the focus is a structural similar image after correction, if better 

color-tone similarity at the cost of structural similarity is acceptable 

histogram-based prefiltering is a better choice. Color transfer is a faster 

method and is easier to run with a parallel computing approach then 

histogram-based prefiltering. Color transfer might therefore be a better 

pick for real-time applications. There is however more room to optimize 

an implementation of histogram-based prefiltering utilizing parallel 

computing.  

Keywords: GPU, Color correction, Computer vision, Color transfer, 

Histogram-based prefiltering. 
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Terminology 
Abbreviations 

API  Application programming interface. 

CSIM  Color-tone similarity index metric. 

GLSL  OpenGL shader language. 

GPU  Graphics processing unit. 

HSY  Color representation with a hue, saturation and luminance 

channel. 

LMS  Color representation in cone response space. 

OpenGL Open graphics library. 

RGB  Color representation consisting of a red, green, and blue 

channel. 

SSIM  Structural similarity index metric. 

YCbCr Color representation consisting of a luminance channel Y, 

a blue color channel Cb and a red color channel Cr. 

𝑙𝛼𝛽  A color space with the three channels 𝑙, 𝛼 and 𝛽. 

Mathematical notation 

ℎ𝑆[𝑣]  Function for calculating the signal 𝑠 histogram value at bin 

𝑣. 

𝐴𝐻  The hue component of the CSIM calculation. 

𝐴𝑆  The hue saturation of the CSIM calculation. 

𝐴𝑌  The hue luminance of the CSIM calculation. 

𝐶𝑆[𝑣]  Function for calculating the signal 𝑠 cumulative histogram 

value at bin 𝑣. 

𝐶𝑏  The blue color component of YCbCr. 
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𝐶𝑟  The red color component of YCbCr. 

𝑌𝐶[𝑚, 𝑛] The corrected image signals at pixel 𝑚, 𝑛. 

𝑙𝑠  The first component of 𝑙𝛼𝛽. 

𝛼𝑠  The second component of 𝑙𝛼𝛽. 

𝛽𝑠  The third component of 𝑙𝛼𝛽. 

𝜇𝑥  Mean of dataset x. 

𝜎𝑗
𝑖  Standard deviation of channel 𝑖 in dataset j. 

ℎ   Hue value before correcting for negative values. 

𝐶𝑆𝐼𝑀(𝑎, 𝑏)  The mathematical function for calculating the color-tine 

similarity index metric. 

𝐻   variable representing hue. 

𝑀[𝑣]  Histogram mapping function, mapping the value at bin 𝑣 

in the source cumulative histogram to a value in the target cumulative 

histogram. 

𝑆  Variable that represents the saturation. 

𝑆𝑆𝐼𝑀(𝑎, 𝑏)  The mathematical function for calculating the structural 

similarity index metric. 

𝑌  The luminance. Component of YCbCr. 

𝑐(𝑥, 𝑦)  Contrast component of the structural similarity formula. 

𝑑(𝑥, 𝑦) A function that’s part of the 𝐴𝐻 calculation. 

𝑙  Variable for the luminance value. 

𝑙(𝑥, 𝑦)  Luminance component of the structural similarity formula. 

𝑝  Probabilities to be sampled for the CSIM. 

𝑠(𝑥, 𝑦)  Structure component of the structural similarity formula. 
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𝛿[𝑎, 𝑏]  Comparison function that is part of the histogram 

calculation. 
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1 Introduction 
Computer vision is a field of research that explores the different ways that 

computers can process and analyze images. The fields applications span 

from image recognition to 3D visualization. In applications such as 360 

video the images that are being processed can be part of a video sequence 

from multiple cameras.  

With the rise of multi-camera system and their different applications such 

as light-field rendering, 360-camera vision and more, new camera 

calibration problems have emerged. Color correction is a process in which 

image data is adjusted to fit a desired color profile. In the case of a multi-

camera systems the colors may differ from camera to camera. To 

compensate for this, methods are used to make the color balance of the 

different cameras as similar as possible. 

1.1 Background and problem motivation 

The reason for the color differences from camera to camera can be caused 

by factors such as chip level differences in cameras of the same model, 

general specification differences in cameras of different models, the fact 

that the cameras capture different parts of the scene with different 

lighting conditions and so on. If pictures from different cameras with 

color differences would be used in light field rendering, visual artifacts 

would appear in the final product. 

There are many different methods of color correction. One of the most 

basic methods adjusts the exposure to achieve similar colors [1], this will 

work to a certain extent but not in all cases. More complex methods 

involve adjustments of different color channels individually instead of 

only changing the intensity [2]. 

1.2 High-level problem statement 

the project's overall aim is to gain knowledge of the strengths and 

shortcomings of color-correction methods in respect to the result image’s 

structural, chromatic similarity to the source image and the speed of the 

methods. The aim is to be achieved by evaluating the two methods 

performance and comparing them.  
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1.3 Concrete and verifiable goals 

The investigation’s goals are: 

1. Performing a literature study 

2. Finding two suitable color-correction to implement.  

3. Implementing the color transfer method, 

4. Implementing the histogram-based prefiltering method, 

5. Test the two methods implemented, 

6. Assess the two methods implemented along with a third-party 

library.  

1.4 Limitations 

Three methods of color calibration will be considered in this paper. One 

the methods from a third-party library [3] described in [4] and the other 

two implemented as part of this work. The methods will exclusively be 

post-process.  

The algorithms will be applied both to datasets provided by Mid Sweden 

University’s Realistic 3D research group and two pictures taken with 

smartphone cameras. 

The datasets provided by the Realistic 3D research group will consist of 

sequences from a 10-camera system where all the cameras are of the same 

model and records at a resolution of 1600x1218 pixels.  

One of the pictures taken with the smartphone camera has a resolution of 

4032x3024 pixels and the other has a resolution of 3264x2448. 
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1.5 Outline 

Chapter 2 presents some of the related works in the field of color-

correction methods and assessment of similarity in images. Chapter 3 

explains the methodology of the implementation and testing that has 

been used during this project. Chapter 4 presents implementations of 

color transfer and histogram-based prefiltering with the intent of running 

in real time. The results of the tests that has been conducted is presented 

in chapter 5. Followed by a discussion of the results in chapter 6 
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2 Related work 
In this chapter the related works in the field of color-correction will be 

explained. Subsection 2.2 will review two state of the art color-correction 

methods and subsection 2.4 will explain three metrics for color similarity. 

2.1 OpenGL 

As seen in Khronos Group [5], the Open graphics library (OpenGL) is a 

platform for developing applications with two-dimensional and three-

dimensional graphics. OpenGL functions as an application programming 

interface (API) to the Graphics processing unit (GPU). 

As explained in [6], OpenGL shader language (GLSL) is a programing 

language that is used to write shaders objects. The render pipeline is 

composed of different types of shader objects that together makes a 

shader. The shading pipeline presented in the following sections consists 

of two different types of shaders objects: the first is the vertex for 

processing positions in space and the second one is the fragment shader 

for processing colors. 

2.2 Color space 

Color space is a concept where colors are represented as coordinates in 

three-dimensional space [7]. There are different color spaces where each 

dimension in space quantifies different qualities of the color. 

2.2.1 RGB 

RGB is a color space where the three-dimensions represents the amount 

of green blue and red respectively [7]. 
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2.2.2 𝒍𝜶𝜷 

The conversion is done in two steps. The first step is to convert the RGB 

to LMS cone response space as proposed in Ruderman [8]: 

[
𝐿
𝑀
𝑆

]  =  [
0.3811 0.5783 0.0402
0.1967 0.7244 0.0782
0.0241 0.1288 0.8444

] [
𝑅
𝐺
𝐵
]. 

(1) 

To eliminate the skew the data is converted to logarithmic space: 

𝐿 = log 𝐿 

𝑀 = log𝑀 

𝑆 = log 𝑆. 

 

(2) 

The second step is to convert 𝐿𝑀𝑆 to 𝑙𝛼𝛽 as described in [9]: 

[
𝑙
𝛼
𝛽
]  =  

[
 
 
 
 

1

√3
0 0

0
1

√6
0

0 0
1

√2]
 
 
 
 

[
1 1 1
1 1 −2
1 −1 0

] [
𝐿
𝑀
𝑆

]. 

 

(3) 

2.2.3 YCbCr 

In [10] a version of YCbCr that is suitable for computing has been 

explained. Y, Cb and Cr represents luminance, chroma blue and chroma 

red respectively. The conversion is a matrix transformation of a vector 

where the RGB channels are represented by its components: 

[
𝑌
𝐶𝑏

𝐶𝑟

] =  [
0.257 0.504 0.098

−0.148 −0.291 0.439
0.439 −0.368 −0.071

] [
𝑅
𝐺
𝐵
] + [

16
128
128

] 
(4) 

2.2.4 HSY 

The first step of converting RGB to HSY as described in [11] is to convert 

it to 𝑌𝐶1𝐶1 [12]. 

The hue component is calculated by the following function: 



Quality and real-time performance assessment of color-correction methods 
– A comparison between histogram-based prefiltering and global color 
transfer 
Linus Nilsson          2018-06-15 

6 

 

𝐻 = {
ℎ, 𝑓𝑜𝑟 𝐶2 ≤ 0

2 − ℎ, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 , 

(5) 

Where the ℎ is defined as: 

ℎ =
1

𝜋
arccos (

𝐶1

𝐶
) , (6) 

And 𝐶 is the length of the vector composed of the components 𝐶1 and 𝐶2 

𝐶 = √𝐶1
2 + 𝐶2

2   
(7) 

The next component of the HSY color space is the saturation: 

𝑆 =
2𝐶

√3
sin {

2

3
− 𝑚𝑜𝑑(𝐻,

1

3
)} 𝜋 

(8) 

2.3 Color-correction methods 

Color-correction is methods by which images with undesirable color 

balance is corrected. Color transfer methods are essentially the same thing 

[13], hereafter the general concept of color transfer as well as color-

correction will be referred to as color-correction.  

In the following sections the methods global color transfer and 

histogram-based prefiltering will be explained.  

2.3.1 Global color transfer 

In Reinhard [9] a global color transfer method is proposed. There are 

some variations of the color transfer method, however this method will 

hereafter be referred to as color transfer. The method operates in 𝑙𝛼𝛽 

color space because the components are uncorrelated. The color transfer 

methods have 3 steps. The aim is to transfer some of the aspects of the 

distribution of values from one image to another. Each operation is done 

to the channels separately. The first step is to subtract the mean from the 

source datasets: 

𝑙𝑠
∗ = 𝑙𝑠 − 〈𝑙𝑠〉 

𝛼𝑠
∗ = 𝛼𝑠 − 〈𝛼𝑠〉 
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𝛽𝑠
∗ = 𝛽𝑠 − 〈𝛽𝑠〉, (9) 

 

Where 〈𝑥〉 is defined as: 

〈𝑥〉 =
1

𝑛
∑𝑥𝑖

𝑛

𝑖=1

, 
(10) 

Then the second step scales the data by a by the standard deviation of the 

target divided by the standard deviation of the source image. This will 

change the spread of the data points: 

𝑙𝑠
′ =

𝜎𝑡
𝑙

𝜎𝑠
𝑙 𝑙𝑠

∗ 

 𝛼𝑠
′ =

𝜎𝑡
𝛼

𝜎𝑠
𝛼 𝛼𝑠

∗ 

𝛽𝑠
′ =

𝜎𝑡
𝛽

𝜎𝑠
𝛽

𝛽𝑠
∗, 

 

(11) 

Where 𝜎𝑥 is: 

𝜎𝑥 = √
1

𝑛 − 1
∑𝑥𝑖

𝑛

𝑖=1

− 〈𝑥〉. 

(12) 

In the final step of the method the mean of the target image is added: 

𝑙𝑟 = 𝑙𝑠
′ + 〈𝑙𝑡〉 

𝛼𝑟 = 𝛼𝑠
′ + 〈𝛼𝑡〉 

𝛽𝑟 = 𝛽𝑠
′ + 〈𝛽𝑡〉 

 

(13) 
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2.3.2 Histogram-based prefiltering 

As explained in Fecker [2] histogram-based prefiltering is a method that 

uses histograms to compensate for differences in images. The method 

starts by creating histograms for both the target and the source image. A 

histogram matching algorithm is then applied to the histograms to match 

the target’s values with the source image’s values. This method can be 

used in multicamera system by making each camera reference their 

neighbor from the center and outwards. The method operates in YCbCr 

color space where the Y component is the luminance, Cb and Cr 

components are chromatic blue and red difference respectively [14].   

The following section will explain the histogram matching with the 

luminance component, the process can be used on both the Cb and Cr 

components: 

ℎ𝑆[𝑣] =
1

𝑤 ∙ ℎ
∑ ∑ 𝛿[𝑣, 𝑦𝑆[𝑚, 𝑛]]

𝑤−1

𝑛=0

ℎ−1

𝑚=0

 

𝑤𝑖𝑡ℎ 𝛿[𝑎, 𝑏] = {
1, 𝑖𝑓 𝑎 = 𝑏

0, 𝑒𝑙𝑠𝑒
, 

 

(14) 

where 𝑤 is the width of the image and ℎ is the height and 𝑦𝑅[𝑚, 𝑛] is the 

signal from the source image. The cumulative histogram 𝐶𝑠[𝑣]  is 

calculated with the following equation: 

𝐶𝑆[𝑣] = ∑ℎ𝑆[𝑣].

𝑣

𝑖=0

 
(15) 

The histograms of the target image, ℎ𝑇[𝑣] and 𝐶𝑇[𝑣] are calculated in the 

same way as in equations (14) and (15) respectively.  

A mapping function is then used: 

𝑀[𝑣] = 𝑢 𝑤𝑖𝑡ℎ 𝐶𝑆[𝑢] ≤ 𝐶𝑇[𝑣] < 𝐶𝑆[𝑢 + 1]. (16) 

The result of this mapping is the corrected image 𝑌𝐶: 

𝑌𝐶[𝑚, 𝑛] = 𝑀[𝑦𝐷[𝑚, 𝑛]]. (17) 
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2.4 Image quality metrics 

There are different kinds of benchmarks for images assessment. As 

explaind in [15], some of the brenchmarks are reliant on the existence of 

an original undistorted image, these benchmarks are classified as full-

reference assessments. It’s also possible to evaluate an image without a 

reference, this is called no-reference quality assessments.  

In the following sections the structural similarity index metric (SSIM) and 

color-tone similarity index metric (CSIM) will be explained in detail. 

2.4.1 Structural similarity index metric 

In Wang [15] the matric SSIM for image quality assessment based on 

structural similarity is proposed. This approach takes in to account the 

human visual system and operates on the hypothesis that the human 

visual system is adept at recognizing structural differences in images [16], 

[17]. SSIM consists of three different components: luminance 𝑙(𝑥, 𝑦) , 

contrast and structure 𝑠(𝑥, 𝑦). Consider two image signals x and y, the 

comparison of the two signals luminance, contrast and structure is shown 

in equarions (18, (19 and (20 respectively. 

𝑙(𝑥, 𝑦) =
2𝜇𝑥

2𝜇𝑦
2+𝐶1

𝜇𝑥
2+𝜇𝑦

2+𝐶1
, (18) 

where 𝜇 (is the mean of the signal and 𝐶1 is defined as 𝐶1 = (𝐾1𝐿)2. L is 

the dynamic range of the pixel values and 𝐾1 ≪ 1 is a small constant. 

The contrast is calculated using same principles as in (18): 

𝑐(𝑥, 𝑦) =
2𝜎𝑥

2𝜎𝑦
2+𝐶2

𝜎𝑥
2+𝜎𝑦

2+𝐶2
. (19) 

The 𝜎  represents the standard deviation of the signal and 𝐶2 =

(𝐾2𝐿)2 where 𝐾2 ≪ 1. 
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The last component is the structural similarity is calculated with the 

following formula: 

𝑠(𝑥, 𝑦) =
𝜎𝑥𝑦+𝐶3

𝜎𝑥𝜎𝑦+𝐶3
, (20) 

then the definition of the SSIM is: 

𝑆𝑆𝐼𝑀(𝑎, 𝑏) = [𝑙(𝑎, 𝑏)]𝛼 ∙ [𝑐(𝑎, 𝑏)]𝛽 ∙ [𝑠(𝑎, 𝑏)]𝛾.  (21) 

In this report the settings recommended in [13] will be used where 𝛼 =

𝛽 = 𝛾 = 1 and 𝐶3 =
𝐶3

2
 [15]. 

2.4.2 Color-tone similarity index metric 

CSIM is proposed in Kikuchi [11] and is a metric to measure color-tone 

similarity between images. The CSIM uses the HSY color space. The first 

step is to calculate the cumulative occurrence probability equal to the 

values in 𝑝𝑛. 

𝐻𝑖(𝑛) = {𝐻| 𝑐𝑖(𝐻) =  𝑝𝑛}, (22) 

𝑐𝑖(𝐻) is the normalized cumulative histogram of image 𝑖  and p is the 

vector: 

𝑝 =
1

6
(1,2,3,4,5, 5.97). 

(23) 

The CSIM formula has three parts to it, the first part is hue. Match the 

normalized cumulative histograms of the two images: 

𝐴𝐻 = (∏1 − 𝑑(𝐻1(𝑛),  𝐻2(𝑛))

6

𝑛=1

)

1
6

, 

(24) 

Where the matching-function 𝑑(𝑥, 𝑦) is defined as: 

𝑑(𝑥, 𝑦) =  {
min(|𝑥 − 𝑦|, 2 − |𝑥 − 𝑦|), 𝑓𝑜𝑟 𝑥, 𝑦 ∈ 𝐻

|𝑥 − 𝑦|, 𝑓𝑜𝑟 𝑥, 𝑦 ∈ 𝑆
. 

(25) 
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The second part is saturation. The saturation uses the same calculations as 

the hue part which is presented in equation (24) and (25). 

The final part is luminance: 

𝐴𝑌 = (∏
min (𝑌1(𝑛),  𝑌2(𝑛))

max (𝑌1(𝑛),  𝑌2(𝑛))

6

𝑛=1

)

1
6

 

(26) 

The CSIM formula itself is presented in the following equation: 

𝐶𝑆𝐼𝑀 =  √𝐴𝐻𝐴𝑆𝐴𝑌
3  (27) 
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3 Methodology  
The following chapter will explain the methodology used for the project. 

Figure 1 presents the methods workflow as well as the relation of the 

methodology and the verifiable goals in section 1.3. The different steps 

will be explained in this chapter. 

 

 

Figure 1: A flowchart of the method used during the project and the goals related 

to the stages in the methodology. 

3.1 Literature study 

A study of previous works will be conducted. The reason for the study is 

to find out more about the methods of color correction and assessment of 

picture quality. The works that will be considered in this study will be 

related to multi-camera systems and color correction in such systems. 

Literature study 

Implement method 
2 

Test method 2 

Choice of color-
correction methods 

Implement method 
1 

Test method 1 

Assessment 

Goal 1 

Goal 2 

Goal 3, 4 

Goal 5 

Goal 6 



Quality and real-time performance assessment of color-correction methods 
– A comparison between histogram-based prefiltering and global color 
transfer 
Linus Nilsson          2018-06-15 

13 

 

3.2 Choice of color-correction methods 

After the literature study the color-correction methods to implement will 

be selected. The color-correction methods that will be considered are 

methods that are widely used and seem stable for multi-camera 

applications. 

3.3 Implementation 

The implementation stage will take the information from the literature 

study and use it to implement the color-correction methods chosen in the 

stage described in chapter 3.2. 

The programming language and development environment Matlab will 

be used for the implementation of the color-correction methods. A real-

time implementation will be done in OpenGL. 

3.4 Test 

The testing process will consist of 3 separate stages. 

1. Run the color-correction method on the datasets, 

2. Calculate the mean and standard-deviation of the SSIM and CSIM 

to assess the methods. 

3. Run the OpenGL implementation and measure the time. 

In stage 1 the color transfer, the histogram-based prefiltering 

implementation, along side the third-party implementation of the MLK 

color transfer method (hereafter refered to as MLK) [3]. The methods will 

be tested on one dataset and two images. One dataset will be provided by 

the 3D research group and the images will be produced for this study 

with the help of a smartphone camera. This make the results more reliable 

because the methods will have been tested on datasets from systems with 

different specifications and on different scenes. 

In stage 2 every frame of the sequence will be evaluated according the 

assessment criteria. The mean value and the standard deviation of the 

assessment metrics will be calculated. The mean value will be useful to 

detriment the overall performance of the color-correction method and the 
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standard deviation will show the consistency of the color-correction 

methods perform. 

Stage 3 will involve testing a real-time implementation of the color 

transfer and histogram-based prefiltering methods and measuring the 

mean time of 300 iterations of the methods. In this test three different 

images will be processed, one that will be taken from the dataset in stage 

1, the other two will be images produced for this test The target will be 

the original images and the source will be an artificially distorted version 

of the image. The distortion will involve tempering with the color 

balancess at random. The tests will be performed on a Nvidia GeForce 

2070 GPU. 

3.5 Assessment 

To be able to compare the methods of color correction there must be 

criteria of assessment. The criteria of assessment will be decided with the 

information gathered from the literature study in mind. The criteria must 

be measurable so that the results can be compared. The criteria’s purpose 

is to reflect the image quality in an objective way. There are different 

kinds of benchmarks for image quality, for this application a full-

reference classification is appropriate because the source image can serve 

as the reference. 

Changing the colors of an image can have effects on other aspects of the 

image quality, it is therefore necessary to measure these aspects as well. 

Since the human visual system is heavily reliant on the structure of the 

image the SSIM is a suitable metric [18], [16], [17]. 

To assess the effectiveness of the color-correction methods a metric called 

color-tone similarity index (CSIM) will be used. CSIM is designed to be 

simple and obtain results that agree with the perceptual impression. 

CSIM is a metric for measurement of color similarity [11]. 

With these metrics both the structural and color-tone similarity can be 

assessed and in doing so addressing the aim of the investigation being 

stated in chapter 1.2. 
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4 Implementation 
The color-correction methods color transfer and histogram-based 

prefiltering were implemented to run on a graphics card using OpenGL 

as the API to interface with the graphics card.  

4.1 OpenGL general vertex shader 

The same vertex-shader object is used in every case in this 

implementation. The rendering pipeline that’s used in this 

implementation along with the inputs and outputs of each stage is 

displayed in Figure 2. 

Figure 2: Illustration showing the render pipeline used in this implementation. 

The vertex shader is tasked with mapping a position in space to another 

position in space [6]. The vertex shader that is used in this 

implementation will project a vertex in three-dimensional space to the 

screen:  

outColor Vertex 
shader 

Fragment 
shader 

position 

vs_out 

input output input output 
position 

texture 
coordinates 

Texture 
1 

Texture 
2 

Texture 
3 

Projection 
matrix 
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1. #version 330 core  
2. layout(location = 0) in vec4 position;   
3. layout(location = 1) in vec3 UV;   
4. out DATA {   
5.     vec4 position;   
6.     vec3 UV;   
7. }   
8. vs_out;   
9. uniform mat4 pr_matrix;   
10. void main() {   
11.     vs_out.position = pr_matrix * position;   
12.     gl_Position = vs_out.position;   
13.     vs_out.UV = UV;   
14. }   

Figure 3: The code for the vertex shader object used in all the shaders in this 

implementation. 

The projection to the screen is simple a matrix multiplication seen at line 

11 in Figure 3 and the matrix being used in this implementation is the 

orthogonal projection matrix. The data required by the fragment shader 

is then incapsulated in a structure called vs_out and then passed down 

the rendering pipeline. 

The fragment shaders are more varied, and not as trivial as the fragment 

shader and will therefore be explained in the following subsections for 

the color transfer and histogram-based methods respectively. 
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4.2 Specifics of Global color transfer in OpenGL 

The OpenGL implementation of the global color transfer utilizes the GPU 

for each calculation. 

Figure 4: Image illustrating the order the shaders are called for the color transfer. 

The implementation consists of 5 different fragment shader programs 

and requires 11 individual draw calls in order operate. The process is 
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illustrated in The OpenGL implementation of the global color transfer 

utilizes the GPU for each calculation. 

4.2.1 Step 1: RGB to 𝒍𝜶𝜷 conversion 

The 𝑙𝛼𝛽 color space conversion as explained in equations (1,(2 and (3, is a 

series of three matrix multiplications applied to the three-dimensional 

vector where each component corresponds to a RGB channel. The 

following code is the body of the function that performs the color 

conversion: 

1. vec3 rgbColor = vec3(rgbaColor.rgb);   
2. mat3 transform;   
3. mat3 transform1;   
4. mat3 transform2;   
5.  
6. transform[0] = vec3(0.3811, 0.1967, 0.0241);   
7. transform[1] = vec3(0.5783, 0.7244, 0.1288);   
8. transform[2] = vec3(0.0402, 0.0782, 0.8444);   
9.  
10. transform1[0] = vec3(1 / sqrt(3), 0, 0);   
11. transform1[1] = vec3(0, 1 / sqrt(6), 0);   
12. transform1[2] = vec3(0, 0, 1 / sqrt(2));   
13.  
14. transform2[0] = vec3(1, 1, 1);   
15. transform2[1] = vec3(1, 1, -1);   
16. transform2[2] = vec3(1, -2, 0);   
17.  
18. rgbColor = transform * rgbColor;   
19. rgbColor += 1;   
20. rgbColor = log(rgbColor) / log(10.0);   
21. rgbColor = transform1 * transform2 * rgbColor;   
22.  
23. vec4 lab = vec4(rgbColor, 1);   
24. return lab;   

Figure 5: Code for the RGB to 𝑙𝛼𝛽 conversion. 

In Figure 5 the matrices are indexed column major, meaning that the 

transform assignment at line 6-16 operations are assignments to columns. 

rgbaColor is the only parameter to the function and the return value is a 

four-dimensional vector where the three first components represent the 

different channels of ycrcb and the fourth the opacity channel. 
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4.2.2 Step 2: Sum pixel values of rows 

The pixel values in each row of the texture is summed up and written to 

texture that is one pixel wide and the same height as the image.  

 

1. highp vec3 pixel = vec3(0, 0, 0);   
2. for (int x = 0; x < resolution.x; x++) {   
3.     highp vec3 temp = texture(source,  
4.        vec2(float(x) / resolution.x, vs_out.UV.y)).xyz;   
5.  
6.     pixel += temp;   
7. }   
8. outColor = vec4(pixel, 1);   

Figure 6: Summation of the pixel values in each row of the image. 

The for-loop at line 2-7 in Figure 6 samples the texture with the image 

and then adds the vector to a temporary vector called pixel. The vector 

is then assigned to the output variable outColor. Splitting the calculations 

up in rows means that many instances of the shader can work 

simultaneously, which is faster than having one instance performing the 

calculation on the entire image.  

4.2.3 Step 3: Calculate mean 

To finish the mean calculation the row sums are summed together and 

divided by the number of elements: 

1. highp vec3 pixel = vec3(0, 0, 0);   
2. for (int y = 0; y < resolution.y; y++) {   
3.     pixel += texture(source,  
4.        vec2(vs_out.UV.x, float(y) / resolution.y)).xyz;   
5. }   
6. pixel /= (resolution.x * resolution.y);   
7. outColor = vec4(pixel, 1);   

Figure 7: Code for the calculation of the mean value. 

In Figure 7 the for-loop samples the texture consisting of the sums of the 

rows and then and them to the total. Then the total number of elements 

is calculated by multiplying the width with the height of the image. The 

total sum is then divided by the total number of elements.  

4.2.4 Step 4: Calculate the standard deviation sum 

This shader calculates the ∑ (𝑥𝑖 − 𝜇)𝑛
𝑖=0

2
 part of the standard deviation 

formula presented in equation (12): 
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1. highp vec3 pixel;   
2. for (int x; x < resolution.x; x++) {   
3.     highp vec3 temp = (texture(source,      
4. vec2(x / resolution.x, vs_out.UV.y)).xyz - sourceMean);   
5.      
6.     temp.x *= temp.x;   
7.     temp.y *= temp.y;   
8.     temp.z *= temp.z;   
9.     pixel += temp;   
10. }   
11. outColor = vec4(pixel, 1);   

Figure 8: Code for the summation part of the standard deviation formula 

The code in Figure 8 takes the difference between the mean and the 

element and then squares it. 

4.2.5 Step 5: Calculate the standard deviation 

Adding the sums of each row from the code described in section 4.2.4 

gives the complete sum and then dividing it by the number of elements, 

subtract one and then calculating the square root of the result. 

1. highp vec3 pixel;   
2. for (int y = 0; y < resolution.y; y++) {   
3.     pixel += (texture(source,  
4.        vec2(vs_out.UV.x, y / resolution.y))).xyz;   
5. }   
6. pixel /= (resolution.x * resolution.y - 1);   
7. pixel = sqrt(pixel);   
8. outColor = vec4(pixel, 1);   

Figure 9: Calculation of the standard deviation. 

The for-loop in Figure 9 samples the texture holding the row sums and 

then adds them together. 

4.2.6 Step 6: Color transfer 

At this point in the method every value needed for the color transfer has 

been calculated.  
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1. vec4 sourcePixel = texture(source,  
2.    vec2(vs_out.UV.x, vs_out.UV.y)); 
3.    
4. vec3 sourcePixelLab = sourcePixel.rgb;   
5. sourcePixelLab = sourcePixelLab - sourceMean;   
6. vec3 temp;   
7.  
8. temp.x = targetStd.x / sourceStd.x;   
9. temp.y = targetStd.y / sourceStd.y;   
10. temp.z = targetStd.z / sourceStd.z;   
11.  
12. sourcePixelLab.x = temp.x * sourcePixelLab.x;   
13. sourcePixelLab.y = temp.y * sourcePixelLab.y;   
14. sourcePixelLab.z = temp.z * sourcePixelLab.z;   
15.  
16. sourcePixelLab = sourcePixelLab + targetMean;   
17. sourcePixel = lab2rgb(vec4(sourcePixelLab, 1));   
18. outColor = sourcePixel;   

Figure 10: Code for the implementation of the color transfer. 

The calculations shown in Figure 10 are based upon the results of the 

previous stages and are the implementation of equation (9 and (11. Then 

the conversion back to RGB color space is made and the results of the 

color transfer are ready to be written to outColor. 
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4.3 Specifics of Histogram-based prefiltering in OpenGL 

The OpenGL implementation of the histogram-based prefiltering method 

calculates histogram on GPU and uses textures to store the histogram 

data in in a texture.  

Figure 11: Image illustrating the order the shaders are called for the 
histogram-based prefiltering. 
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The implementation of the histogram-based prefiltering method consists 

of 5 different shaders. The draw call order is illustrated in Figure 11. 

4.3.1 Step 1: Rgb to ycrcb conversion 

As seen in the equation (4) the RGB to YCrCb conversion is a matrix 

transformation of a vector which components represents the three 

channels of the RGB color space. 

1. rgbColor *= 255;   
2. mat3 transform;   
3. transform[0] = vec3(0.257, -0.148, 0.439);   
4. transform[1] = vec3(0.504, -0.291, -0.368);   
5. transform[2] = vec3(0.098, 0.439, -0.071);   
6. vec3 ycbcr = vec3(16, 128, 128) + (transform * rgbColor); 
7.  
8. ycbcr = floor(ycbcr);   

Figure 12: The code for the RGB to YCrCb conversion. 

rgbColor on line one of Figure 12 is a vector with three components: x, y 

and z representing the red, green, and blue channel respectively. The RGB 

representation has a range of [0, 1] and is therefore scaled to [0, 255]. Then 

the transformation is applied resulting in the YCrCb. 

4.3.2 Step 2: Make histograms of each row 

To avoid having to transfer data back and forth between graphics card 

and computer memory it is desirable to calculate the histograms on the 

graphics card directly. One way of doing this is to calculate histogram 

and writing it to a one-dimensional texture. In the case of this method that 

would be a 225x1 sized texture. The problem with this is that every 

instance of the shader program (all 255 of them that is) would have to go 

through every pixel of all three channels in the source and target image, 

this proved far too slow.  

There has been research done on GPU-accelerated methods to calculate 

histogram that probably would perform better than this method. One 

such paper can be seen in [19]. 



Quality and real-time performance assessment of color-correction methods 
– A comparison between histogram-based prefiltering and global color 
transfer 
Linus Nilsson          2018-06-15 

24 

 

Figure 13: Illustration of the individual rows of the image making thier own 
histogram. 

The image is divided by rows and the shader calculates a separate 

histogram for each row. This is illustrated in Figure 13. 

Every row makes an individual histogram represented by the 

corresponding row of the texture that the result is written to. The result 

texture is then passed on to the next shader. 

1. float temp = vs_out.UV.x * 225 + 16;   
2. temp = floor(temp);   
3. vec3 currentBin = vec3(temp, temp, temp);   
4. vec4 bin = vec4(0, 0, 0, 1);   
5. for (int x = 0; x < resolution.x; x++) {   
6.     vec3 value = texture(source,  
7. vec2((float(x) + 0.5) / resolution.x, vs_out.UV.y)).xyz;  
8.  
9.    
10.  
11.     if (currentBin.x == value.x) {   
12.         bin.x += 1;   
13.     }   
14.     if (currentBin.y == value.y) {   
15.         bin.y += 1;   
16.     }   
17.     if (currentBin.z == value.z) {   
18.         bin.z += 1;   
19.     }   
20. }   
21. outColor = bin;   

Figure 14: Code for calculating the histogram. 

The for-loop at line 5 in Figure 14 iterates through each pixel of a row in 

the image. If any value of the pixel is the same as the bin being process 

one is added to the bin. 

4.3.3 Step 3: Sum the row histograms 

The complete histogram is then calculated by adding all of the row 

histograms and dividing by the total number of elements to normalize it. 
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The result is then written to a texture where each pixel represents a bin in 

the final histogram. 

1. vec3 sum = vec3(0);   
2. for (int y = 0; y < resolution.y; y++) {   
3.     sum += texture(source, vec2(vs_out.UV.x,  
4.        (float(y) + 0.5) / resolution.y)).xyz;   
5. }   
6. outColor = vec4(sum / (resolution.x * resolution.y), 1);  

Figure 15: The calculations to sum the bins of all the row histograms together. 

The code in Figure 15 samples each row in a column and adds all the 

values together. 

Figure 16: illustration of the histograms for the different rows are calculated. 

Figure 16 illustrates how the individual bins are summed together with 

the corresponding bin in all the other histogram, resulting in the complete 

histogram.  

4.3.4 Step 4: Calculate the cumulative histogram 

Each bin in a cumulative histogram is the sum of the same bin and all the 

bins before it in the regular histogram as shown in equation (15). 

1. float temp = vs_out.UV.x * 225;   
2. vec3 bin = vec3(0, 0, 0);   
3. for (int x = 0; x < floor(temp); x++) {   
4.     bin += texture(source,  
5.        vec2((float(x) + 0.5) / 225, 0.5)).xyz;   
6. }   
7. outColor = vec4(bin, 1);   

Figure 17: Code for calculating the cumulative histogram 
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The cumulative histogram is made by adding all the previous bins 

together with the current bin being processed. The code for this is shown 

in Figure 17 

4.3.5 Step 5: Histogram mapping 

The mapping shader reads the source image at the point corresponding 

position of the fragment is being processed. The program then uses the 

value in the bin corresponding to that value. Then the code loops trough 

the target histogram to find the bin that fits the mapping function 

conditions. 

1. vec3  sourceHistValue  =  vec3(texture(source,  vec2(v.x,  0.5)).x,   
2. texture(source,  vec2(v.y,  0.5)).y,  texture(source,  vec2(v.z,  0.5)).z);   
3.  
4. bool  isXDone  =  false;     
5. bool  isYDone  =  false;     
6. bool  isZDone  =  false;    
7.  
8. vec3  upper  =  vec3(220,  225,  225);    
9. vec3  corrected  =  vec3(0);  ;     
10. for  (int  i  =  0;  i  <  225;  i++)  {   
11.        
12.     vec3  targetValue  =  texture(target,   
13.        vec2((float(i)  +  0.5)  /  225,  1)).xyz;    
14.       
15.     vec3  nextTargetValue  =  texture(target,   
16.        vec2((float(i  +  1)  +  0.5)  /  225,  1)).xyz;     
17.      
18.     if  (!isXDone  &&  sourceHistValue.x  >=  targetValue.x  &&  
19.        sourceHistValue.x  <  nextTargetValue.x)  {             
20.         
21.         corrected.x  =  i;             
22.         isXDone  =  true;         
23.     }         
24.     if  (!isYDone  &&  sourceHistValue.y  >=  targetValue.y  &&   
25.        sourceHistValue.y  <  nextTargetValue.y)  {             
26.          
27.         corrected.y  =  i;             
28.         isYDone  =  true;         
29.     }         
30.     if  (!isZDone  &&  sourceHistValue.z  >=  targetValue.z  &&   
31.        sourceHistValue.z  <  nextTargetValue.z)  {             
32.          
33.         corrected.z  =  i;             
34.         isZDone  =  true;         
35.     }     
36. }     

Figure 18: Histogram mapping function. 

The if-statements in sets the same conditions as the mapping function 

presented in equation (16). 
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5  Results 
In the following chapter the results in the form of measurements and 

images will be presented.  

5.1 Quality measurements 

This section will present the measurements taken on the Matlab 

implementation of the methods.  

Figure 19: CSIM and SSIM measurements of the dataset provided by the 

Realistic 3D research group. Error bars show 1 Standard Deviation. 

In Figure 19 results show that the histogram prefiltering has better color-

tone similarity but has worse structural similarity. Color transfer and 

MKL shows the opposite trend and has very consistent SSIM results, but 

a lot more variance in CSIM measurements. 
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Figure 20: Result of color transfer on all cameras. 

Figure 21: Result of histogram-based prefiltering on all cameras. 

The results in presented Figure 20 and Figure 21 are the images after the 

respective methods have been applied. The image in the upper right 

corner is unchanged and is used as a target for the color correction. 

5.2 Performance measurements 

Time measurements were taken on the OpenGL implementation to 

determine their suitability for real-time applications. The following 

subsection will present the results from those time measurements. 

In this subsection some images results of the histogram-based prefiltering 

method will be shown, followed by a chart that illustrates the 

performance of the OpenGL implementation of the method.  

In the following subsection the results from the OpenGL implementation 

of the color transfer method will be presented. The result consists of 

images from the color correction and a chart showing the amount of time 

different images took to correct. 

target 

target 
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Figure 22: Test results for applying the implementation of histogram-based 

prefiltering on images taken from the dataset provided by Realistic 3D research 

group. a) source. b) target. c) result. 

Figure 23:Test results for applying the implementation of color transfer on 

images taken from the dataset provided by Realistic 3D research group. a) source. 

b) target. c) result. 

The difference in color between Figure 22 (a) and Figure 22 (b) is small 

but still visible. The cloth on the right side of the image is a little less 

blue for example 

sour (c) 

(b) 

(a) 

(a) (c) 

(b) 



Quality and real-time performance assessment of color-correction methods 
– A comparison between histogram-based prefiltering and global color 
transfer 
Linus Nilsson          2018-06-15 

30 

 

The differences between the source image in (a) and Figure 23 is hard to 

see but still visible. 

Figure 24: Artificially distorted image correction with histogram-based 

prefiltering. (a) source (artificially distorted IMG_0488.jpg). (b) target 

(IMG_0488.jpg). (c) result. 

Figure 25: Artificially distorted image correction with color transfer. (a) source 

(artificially distorted IMG_0488.jpg). (b) target (IMG_0488.jpg). (c) result. 

Figure 24 (a) has some obvious color differences to the results in Figure 

24 (c). It’s also apparent that the result Figure 24 (c) still are visibly 

different to the target image Figure 24 (b). 

(a) (c) 

(b) 

(a) (c) 

(b) 
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Figure 26: Artificially distorted image correction with the histogram-based 
prefiltering implementation. (a) source (artificially distorted image 
IMG_0205.jpg). (b) target (IMG_0205.jpg). (c) result. 

Figure 27: Artificially distorted image correction with the color transfer 
implementation. (a) source (artificially distorted image IMG_0205.jpg). (b) 
target (IMG_0205.jpg). (c) result. 

  

(a) 

(b) 

(c) 

(a) 

(c) 

(b) 
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The image in Figure 26 has a resolution of 3264x2448 pixels. There are 

some color differences visible between the result Figure 26 (c) and the 

target Figure 26 (b), specially looking at the sky in the image which still 

has a tint of purple from the source image shown in Figure 26 (a). 

The results of the color transfer presented in Figure 22, Figure 24 and 

Figure 26 not obviously different to the histogram-based prefiltering 

results displayed in Figure 23, Figure 25 and Figure 27, and it’s not 

possible to clearly determine which one is better. 

Figure 28: Chart displaying the mean time that the implementations of color 
transfer and histogram-based prefiltering takes to correct the images from the 
tests. Error bars show 1 Standard Deviation. 

By comparing color transfer and histogram-based prefiltering in Figure 

28 it’s apparent that the color transfer implementation is faster than the 

histogram-based prefiltering implementation on all three images. 

Figure 28 shows that the larger images takes longer time then the smaller 

ones which is to be expected since the code that makes the histograms 

will have to go through more iterations for larger images and the color 

transfer to do more iterations. 
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Figure 29: Chart displaying the mean time per pixel that the implementations 
of color transfer and histogram-based prefiltering takes to correct the images 
from the tests. 

The trend in Figure 29 seems somewhat counterintuitive with the time 

per pixel being less with the larger images. 
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6 Discussion 
There are still room for optimization in the implementations of the 

methods. The histogram-based prefiltering relies on a naïve way of 

calculating histograms on GPU. The histogram mapping function itself 

uses what’s essentially is a linear search of sorted data. This could easily 

be improved by using a binary search for example. As for the color 

transfer, the transfer itself is just a couple of vector operations. The real 

performance impact is how the values required for those operations are 

calculated. The implementation could be improved by using a better 

method of calculating mean and standard deviation on GPU. This sould 

all be considerd in future works. 

Both methods had advantages and disadvantages. Color transfer kept the 

structure of the images intact but was less effective at correcting the colors 

then histogram-based prefiltering. If structural similarity with the 

original image is important then color transfer is still preferable even 

though histogram-based prefiltering showed better results in color 

similarity. The color transfer implementation was also faster by quite a 

margin. That means that it would be more suitable for a real-time 

application. Among the two method that were implemented and the 

third-party library there seemed to be a trade of between color-tone 

similarity and structural similarity. It’s hard to see when testing only 

three methods that it’s an overall trend that better color-tone similarity 

means that the methods are heavier handed with the structure, it could 

just be a problem with the histogram-based prefilter method. Maybe it’s 

caused by how spread out the none zero datapoints are in the histogram, 

resulting in shapes that have colors homogeneous enough to be 

considered a structure breaking up in different structures because of the 

new contrast. The opposite can also be true, that smaller shapes blending 

in to bigger shapes because the new histogram has it’s datapoints closer 

together leading to less contrast. 

The trend that can be seen in Figure 29 with the larger images showing 

better time per pixel is a bit questionable, however there are plausible 

explanations for this. Maybe the longer runtime gives the GPU or 

operating system a chance to optimize how to schedule the operations. 

Another alternative is that there are high constant time costs that are 

divided over a greater nuber of pixels, althogh thet contradicts the fact 
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that larger images show slower total time. The methods themselves 

should show worse performance because there complexity should at least 

be worse than linear to the amount of pixels in the image. 

It is feasible that other APIs then OpenGL would behave differently 

performing the same operations. Testing different environments and 

different features and versions of OpenGL may be a desirable pursuit for 

further research concerning real-time color correction on GPU. 

6.1 Ethical aspects 

It’s possible that more effective color-correction methods would take 

work away from photo editors and other creative occupations related to 

photo and camera work. On the other hand, manually correcting colors 

in photos may not be the most important part of those professions and 

using algorithms for these tasks may leave the photographer with more 

time to do other things more important to the craft. Additionally, the 

methods considered in this paper would have a limited use in such 

professions since even color balancing is a form of expression and photos 

are a creative medium. 

Adjacent technologies could have more ethical implication than the color-

correction methods themselves. 360 cameras for example could be used 

for surveillance with either good or malicious intent. However, color 

correction will not make this activity any more effective, it will make the 

surveillance footage look a little bit nicer but will not help with the 

potentially unethical act of surveillance. 
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Appendix A: Shader code 
calcMean.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4. in DATA {   
5.     vec4 position;   
6.     vec3 UV;   
7.     vec4 color;   
8. }   
9. vs_out;   
10. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
11. uniform sampler2D source;   
12. uniform vec2 resolution = vec2(500, 500);   
13. uniform float mean;   
14. void main() {   
15.     highp vec3 pixel = vec3(0, 0, 0);   
16.     for (int y = 0; y < resolution.y; y++) {   
17.         pixel += texture(source, vec2(vs_out.UV.x, 
18.          float(y) / resolution.y)).xyz;   
19.     }   
20.     pixel /= (resolution.x * resolution.y);   
21.     outColor = vec4(pixel, 1);   
22. }   
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Appendix B: Shader code 
calcStd.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4. in DATA {   
5.     vec4 position;   
6.     vec3 UV;   
7.     vec4 color;   
8. }   
9. vs_out;   
10. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
11. uniform sampler2D source;   
12. uniform sampler2D sourceMeanTex;   
13. uniform sampler2D targetMeanTex;   
14. uniform highp vec2 resolution = vec2(500, 500);   
15. void main() {   
16.     highp vec3 pixel;   
17.     for (int y = 0; y < resolution.y; y++) {   
18.         pixel += (texture(source, vec2(vs_out.UV.x, y / resolution.y))).xyz; 
19.     }   
20.     pixel /= (resolution.x * resolution.y - 1);   
21.     pixel = sqrt(pixel);   
22.     outColor = vec4(pixel, 1);   
23. }   
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Appendix C: Shader code 
colorTransfer.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4.  
5. in DATA {   
6.     vec4 position;   
7.     vec3 UV;   
8.     vec4 color;   
9. }   
10. vs_out;   
11. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
12. uniform sampler2D source;   
13. uniform sampler2D sourceMeanTex;   
14. uniform sampler2D sourceStdTex;   
15. uniform sampler2D targetMeanTex;   
16. uniform sampler2D targetStdTex;   
17. uniform vec2 resolution = vec2(500, 500);   
18.  
19. uniform vec3 sourceMean; 
20. uniform vec3 sourceStd; 
21.  
22. uniform vec3 targetMean;  
23. uniform vec3 targetStd;  
24.  
25. vec4 rgb2lab(vec4 rgbaColor) {   
26.     vec3 rgbColor = vec3(rgbaColor.rgb);   
27.     mat3 transform;   
28.     mat3 transform1;   
29.     mat3 transform2;   
30.     transform[0] = vec3(0.3811, 0.5783, 0.0402);   
31.     transform[1] = vec3(0.1967, 0.7244, 0.0782);   
32.     transform[2] = vec3(0.0241, 0.1288, 0.8444);   
33.     transform1[0] = vec3(1 / sqrt(3), 0, 0);   
34.     transform1[1] = vec3(0, 1 / sqrt(6), 0);   
35.     transform1[2] = vec3(0, 0, 1 / sqrt(2));   
36.     transform2[0] = vec3(1, 1, 1);   
37.     transform2[1] = vec3(1, 1, -2);   
38.     transform2[2] = vec3(1, -1, 0);   
39.     rgbColor = transform * rgbColor;   
40.     rgbColor += 1;   
41.     rgbColor = log(rgbColor) / log(10.0);   
42.     rgbColor = transform1 * transform2 * rgbColor;   
43.     vec4 lab = vec4(rgbColor, 1);   
44.     return lab;   
45. }   
46. vec4 lab2rgb(vec4 labaColor) {   
47.     vec3 labColor = vec3(labaColor.rgb);   
48.     mat3 transform;   
49.     mat3 transform1;   
50.     mat3 transform2;   
51.     transform[0] = vec3(4.4679, -1.2197, 0.0585);   
52.     transform[1] = vec3(-3.5887, 2.3831, -0.2611);   
53.     transform[2] = vec3(0.1196, -0.1626, 1.2057);   
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54.     transform1[0] = vec3(sqrt(3) / 3, 0, 0);   
55.     transform1[1] = vec3(0, sqrt(6) / 6, 0);   
56.     transform1[2] = vec3(0, 0, sqrt(2) / 2);   
57.     transform2[0] = vec3(1, 1, 1);   
58.     transform2[1] = vec3(1, 1, -2);   
59.     transform2[2] = vec3(1, -1, 0);   
60.     labColor = transform2 * transform1 * labColor;   
61.     labColor.x = pow(10, labColor.x);   
62.     labColor.y = pow(10, labColor.y);   
63.     labColor.z = pow(10, labColor.z);   
64.     labColor -= 1;   
65.     labColor = transform * labColor;   
66.     vec4 rgba = vec4(labColor, 1);   
67.     return rgba;   
68. }   
69. vec4 scaleData(vec4 color) {   
70.     float lRange = 0.002944113770450 - -4.168249862967584;   
71.     float aRange = 1.720529735514302 - -1.720529735514302;   
72.     float bRange = 1.490022458921907 - -1.490022458921907;   
73.     color.x = (color.x * lRange) - 4.168249862967584 + 1;   
74.     color.y = (color.y * aRange) - 1.720529735514302 + 1;   
75.     color.z = (color.z * bRange) - 1.490022458921907 + 1;   
76.     return color;   
77. }   
78. void main() {   
79.     vec4 sourcePixel = texture(source, vec2(vs_out.UV.x, vs_out.UV.y));   
80.     vec3 sourcePixelLab = sourcePixel.rgb;   
81.     sourcePixelLab = sourcePixelLab - sourceMean;   
82.     vec3 temp;   
83.     temp.x = targetStd.x / sourceStd.x;   
84.     temp.y = targetStd.y / sourceStd.y;   
85.     temp.z = targetStd.z / sourceStd.z;   
86.     sourcePixelLab.x = temp.x * sourcePixelLab.x;   
87.     sourcePixelLab.y = temp.y * sourcePixelLab.y;   
88.     sourcePixelLab.z = temp.z * sourcePixelLab.z;   
89.     sourcePixelLab = sourcePixelLab + targetMean;   
90.     sourcePixel = lab2rgb(vec4(sourcePixelLab, 1)); 
91.     outColor = sourcePixel;   
92. }   
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Appendix D: Shader code 
rgb2lab.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4.  
5. in DATA {   
6.     vec4 position;   
7.     vec3 UV;   
8.     vec4 color;   
9. }   
10. vs_out;   
11. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
12. uniform sampler2D source;   
13. uniform vec2 resolution = vec2(500, 500);   
14. vec4 rgb2lab(vec4 rgbaColor) {   
15.     vec3 rgbColor = vec3(rgbaColor.rgb);   
16.     mat3 transform;   
17.     mat3 transform1;   
18.     mat3 transform2;   
19.     transform[0] = vec3(0.3811, 0.1967, 0.0241);   
20.     transform[1] = vec3(0.5783, 0.7244, 0.1288);   
21.     transform[2] = vec3(0.0402, 0.0782, 0.8444);   
22.     transform1[0] = vec3(1 / sqrt(3), 0, 0);   
23.     transform1[1] = vec3(0, 1 / sqrt(6), 0);   
24.     transform1[2] = vec3(0, 0, 1 / sqrt(2));   
25.     transform2[0] = vec3(1, 1, 1);   
26.     transform2[1] = vec3(1, 1, -1);   
27.     transform2[2] = vec3(1, -2, 0);   
28.     rgbColor = transform * rgbColor;   
29.     rgbColor += 1;   
30.     rgbColor = log(rgbColor) / log(10.0);   
31.     rgbColor = transform1 * transform2 * rgbColor;   
32.     vec4 lab = vec4(rgbColor, 1);   
33.     return lab;   
34. }   
35. vec4 scaleData(vec4 color) {   
36.     float lRange = 0.002944113770450 - -4.168249862967584;   
37.     float aRange = 1.720529735514302 - -1.720529735514302;   
38.     float bRange = 1.490022458921907 - -1.490022458921907;   
39.     color.x = (color.x + 4.168249862967584 - 1) / lRange;   
40.     color.y = (color.y + 1.720529735514302 - 1) / aRange;   
41.     color.z = (color.z + 1.490022458921907 - 1) / bRange;   
42.     return color;   
43. }   
44. void main() {   
45.     vec4 sourcePixel = texture(source, vec2(vs_out.UV.x, vs_out.UV.y));  
46.     sourcePixel = rgb2lab(sourcePixel);  
47.     outColor = sourcePixel;   
48. }   
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Appendix E: Shader code 
sumMean.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4.  
5. in DATA {   
6.     vec4 position;   
7.     vec3 UV;   
8.     vec4 color;   
9. }   
10. vs_out;   
11. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
12. uniform sampler2D source;   
13. uniform vec2 resolution = vec2(500, 500);   
14. void main() {   
15.     highp vec3 pixel = vec3(0, 0, 0);   
16.     for (int x = 0; x < resolution.x; x++) {   
17.         highp vec3 temp = texture(source,  
18.         vec2(float(x) / resolution.x, vs_out.UV.y)).xyz;   
19.         pixel += temp;   
20.     }   
21.     outColor = vec4(pixel, 1);   
22. }   
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Appendix F: Shader code 
sumMean.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4.  
5. in DATA {   
6.     vec4 position;   
7.     vec3 UV;   
8.     vec4 color;   
9. }   
10. vs_out;   
11. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
12. uniform sampler2D source;   
13. uniform sampler2D sourceMeanTex;   
14. uniform sampler2D targetMeanTex;   
15. uniform vec2 resolution = vec2(500, 500);   
16. uniform highp vec3 sourceMean;   
17. void main() {   
18.     highp vec3 pixel;   
19.     for (int x; x < resolution.x; x++) {   
20.         highp vec3 temp = (texture(source,  
21.         vec2(x / resolution.x, vs_out.UV.y)).xyz - sourceMean);   
22.         temp.x *= temp.x;   
23.         temp.y *= temp.y;   
24.         temp.z *= temp.z;   
25.         pixel += temp;   
26.     }   
27.     outColor = vec4(pixel, 1);   
28. }   
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Appendix G: Shader code 
calcCumuHist.frag 

1. #version 400 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4.  
5. in DATA {   
6.     vec4 position;   
7.     vec3 UV;   
8.     vec4 color;   
9. }   
10. vs_out;   
11. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
12. uniform sampler2D source;   
13. uniform vec2 resolution = vec2(500, 500);   
14. void main() {   
15.     float temp = vs_out.UV.x * 225;   
16.     vec3 bin = vec3(0, 0, 0);   
17.     bool bound = false;   
18.     for (int x = 0; x < floor(temp); x++) {   
19.         bin += texture(source, vec2((float(x) + 0.5) / 225, 0.5)).xyz;   
20.     }   
21.     outColor = vec4(bin, 1);  
22. }   
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Appendix H: Shader code 
calcHist.frag 

1. #version 330 core#  
2. define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4. in DATA {   
5.     vec4 position;   
6.     vec3 UV;   
7.     vec4 color;   
8. }   
9. vs_out;   
10. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
11. uniform sampler2D source;   
12. uniform vec2 resolution = vec2(500, 500);   
13. void main() {   
14.     float temp = vs_out.UV.x * 225 + 16;   
15.     temp = floor(temp);   
16.     vec3 currentBin = vec3(temp, temp, temp);   
17.     vec4 bin = vec4(0, 0, 0, 1);   
18.     for (int x = 0; x < resolution.x; x++) {   
19.         vec3 value = texture(source,  
20.            vec2((float(x) + 0.5) / resolution.x, vs_out.UV.y)).xyz;   
21.         if (currentBin.x == value.x) {   
22.             bin.x += 1;   
23.         }   
24.         if (currentBin.y == value.y) {   
25.             bin.y += 1;   
26.         }   
27.         if (currentBin.z == value.z) {   
28.             bin.z += 1;   
29.         }   
30.     }  
31.     outColor = bin; 
32. }   
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Appendix I: Shader code 
histMapping.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4. in DATA {   
5.     vec4 position;   
6.     vec3 UV;   
7.     vec4 color;   
8. }   
9. vs_out;   
10. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
11. uniform sampler2D source;   
12. uniform sampler2D target;   
13. uniform sampler2D sourceImg;   
14. uniform sampler2D histTarget;   
15. uniform vec2 resolution = vec2(500, 500);   
16. vec4 ycbcr2rgb(vec4 ycbcraColor) {   
17.         vec3 ycbcrColor = vec3(ycbcraColor.rgb);   
18.         mat3 transform;   
19.         transform[0] = vec3(1.1641, 1.1641, 1.1641);   
20.         transform[1] = vec3(-0.0018, -0.3914, 2.0178);   
21.         transform[2] = vec3(1.5958, -0.8135, -0.0012);   
22.         ycbcrColor -= vec3(16, 128, 128);   
23.         vec3 rgb = (transform * ycbcrColor);   
24.         rgb = rgb / 255;   
25.         return vec4(rgb, 1);   
26.     }   
27.      
28. vec3 map(vec3 v) {   
29.     vec3 sourceHistValue = vec3(texture(source, vec2(v.x, 0.5)).x,  
30.        texture(source, vec2(v.y, 0.5)).y, texture(source, vec2(v.z, 0.5)).z); 
31.     bool isXDone = false;   
32.     bool isYDone = false;   
33.     bool isZDone = false;   
34.     vec3 upper = vec3(220, 225, 225);  
35.     vec3 lower = vec3(0);  
36.     vec3 corrected = lower;   
37.     for (int i = 0; i < 225; i++) {   
38.         vec3 targetValue = texture(target,  
39.            vec2((float(i) + 0.5) / 225, 1)).xyz;   
40.         vec3 nextTargetValue = texture(target,  
41.            vec2((float(i + 1) + 0.5) / 225, 1)).xyz;   
42.         if (!isXDone && sourceHistValue.x >= targetValue.x && 
43.                    sourceHistValue.x < nextTargetValue.x) {   
44.             corrected.x = i;   
45.             isXDone = true;   
46.         }   
47.         if (!isYDone && sourceHistValue.y >= targetValue.y &&  
48.                    sourceHistValue.y < nextTargetValue.y) {   
49.             corrected.y = i;   
50.             isYDone = true;   
51.         }   
52.         if (!isZDone && sourceHistValue.z >= targetValue.z &&  
53.                   sourceHistValue.z < nextTargetValue.z) {   
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54.             corrected.z = i;   
55.             isZDone = true;   
56.         }   
57.     }   
58.      
59.     corrected += vec3(16, 16, 16);   
60.     return corrected;   
61. }   
62. float map0() {   
63.     float length = map(vec3(0)).x - 16;   
64.     float nom = 0;   
65.     float denom = 0;   
66.     for (int i = 0; i <= int(length); i++) {   
67.         float targetValue = texture(histTarget,  
68.             vec2((float(i) + 0.5) / 225, 0.5)).x;   
69.         nom += i * targetValue;   
70.         denom += targetValue;   
71.     }   
72.     return (nom / denom) + 16;   
73. }   
74. float map225() {   
75.     float start = map(vec3(float(219) / 225)).x - 16;   
76.     float nom = 0;   
77.     float denom = 0;   
78.     for (int i = int(start); i <= 220; i++) {   
79.         float targetValue = texture(histTarget,  
80.            vec2((float(i) + 0.5) / 225, 0.5)).x;   
81.         nom += float(i) * targetValue;   
82.         denom += targetValue;   
83.     }   
84.     return (nom / denom) + 16;   
85. }   
86. void main() {   
87.     vec3 v = vec3(texture(sourceImg, vs_out.UV.xy));   
88.     v -= vec3(16, 16, 16);   
89.     int xValue = int(floor(v.x));   
90.     v += vec3(0.5);   
91.     v /= 225;   
92.     vec3 corrected = map(v);   
93.     if (xValue == 0) {   
94.         corrected.x = map0();   
95.     } else if (xValue == 219) {   
96.         corrected.x = map225();   
97.     }   
98.     outColor = ycbcr2rgb(vec4(corrected, 1));   
99. }   
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Appendix J: Shader code 
histMapping.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4. in DATA {   
5.     vec4 position;   
6.     vec3 UV;   
7.     vec4 color;   
8. }   
9. vs_out;   
10. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
11. uniform sampler2D source;   
12. uniform vec2 resolution = vec2(500, 500);   
13. vec4 rgb2ycbcr(vec4 rgbaColor) {   
14.     vec3 rgbColor = vec3(rgbaColor.rgb);   
15.     rgbColor *= 255;   
16.     mat3 transform;   
17.     transform[0] = vec3(0.257, -0.148, 0.439);   
18.     transform[1] = vec3(0.504, -0.291, -0.368);   
19.     transform[2] = vec3(0.098, 0.439, -0.071);   
20.     vec3 ycbcr = vec3(16, 128, 128) + (transform * rgbColor);   
21.     ycbcr = floor(ycbcr);   
22.     return vec4(ycbcr, 1);   
23. }   
24. void main() {   
25.     vec4 sourcePixel = texture(source, vec2(vs_out.UV.x, vs_out.UV.y));   
26.     sourcePixel = rgb2ycbcr(sourcePixel);   
27.     outColor = sourcePixel;   
28. }   
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Appendix K: Shader code 
SumHistParts.frag 

1. #version 330 core 
2. #define PI 3.1415926535897932384626433832795  
3. layout(location = 0) out vec4 outColor;  
4. in DATA {   
5.     vec4 position;   
6.     vec3 UV;   
7.     vec4 color;   
8. }   
9. vs_out;   
10. uniform vec4 inColor = vec4(0.0, 0.0, 0.0, 0.0);   
11. uniform sampler2D source;   
12. uniform vec2 resolution = vec2(500, 500);   
13. void main() {   
14.     vec3 sum = vec3(0);   
15.     for (int y = 0; y < resolution.y; y++) {   
16.         sum += texture(source, vec2(vs_out.UV.x,  
17.            (float(y) + 0.5) / resolution.y)).xyz;   
18.     }   
19.     outColor = vec4(sum / (resolution.x * resolution.y), 1);  
20. }     
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Appendix L: Matlab code 
http://studenter.miun.se/~lini1504/color_correction_methods/color_met
hod_code.zip 
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